The development of terahertz imaging instruments for security systems is on the cutting edge of terahertz technology. We are developing a THz imaging system based on a superconducting integrated receiver (SIR). An SIR is a new type of heterodyne receiver based on an SIS mixer integrated with a flux-flow oscillator (FFO) and a harmonic mixer which is used for phase-locking the FFO. Employing an SIR in an imaging system means building an entirely new instrument with many advantages compared to traditional systems.
operating frequency of the imaging system is 600 GHz, the frame rate is 0.1 FPS, the scanning area is 0.5 0.5 m 2 , the image resolution is 50 50 pixels, the distance from an object to the scanner was 3 m. We have obtained THz images with a spatial resolution of 8 mm and a NETD of less than 2 K.
Introduction
Modern terahertz heterodyne receivers with ultimate sensitivity were developed primarily for astronomical missions as a part of big international projects. As a result, we have such instruments as the balloon-borne telescope TELIS, the planeborne telescope SOFIA, the space-borne telescope HERSHEL, and a project of future space-borne telescope Millimetron. Recently there have been great advances in the development of both receivers and radiation sources of the terahertz range combined with a decrease of their prime cost so that these devices have become more accessible for a wide range of tasks.
Obtaining an image of an object is one of the most important tasks in the terahertz region. Such imaging systems can be used in many areas from medicine and security systems to navigation under poor visibility. However, this frequency region is rather difficult to work in owing to the so-called terahertz gap [1] : the power level of radiation sources falls off as one of approaches this region either from the radio or from the infrared frequencies. At the same time terahertz imaging systems have certain advantages over analogous systems operating at different frequencies. X-ray systems offer excellent spatial resolution of hidden objects but do not allow analysis of the composition of the object, and besides X-rays are potentially harmful to humans. IR systems provide good spatial resolution but most materials used in daily life are not transparent in the IR region. Radio frequencies have a good penetrating capability but its relatively low frequency does not afford good spatial resolution. Falling in the region between radio and IR waves, terahertz radiation has good penetrating capability and offers high spatial resolution, which makes it very attractive to security systems.
Terahertz imaging systems also allow performing spectral analysis of the substance of the object in hand [2] (see Fig. 6 .1) and obtaining pictures of slices of this object with the use of mathematical processing [3] (see Fig. 6 .2).
Passive systems receive thermal radiation of an object and thus an image is constructed. Such systems are called thermal imaging systems and require very sensitive receivers, which are usually direct detection receivers. Employment of a heterodyne receiver in a thermal imaging system allows one to use spectral information present in the thermal radiation of the object to deduce its chemical composition. This makes heterodyne systems attractive to medical and security systems. An example of a passive direct-detection imaging system based on antenna-coupled superconducting microbolometers technology is presented in [4] .
Heterodyne systems employ either Schottky diode mixers [5] , or superconductorinsulator-superconductor (SIS) mixers [6] , or HEB mixers [7] . SIS mixers offer [2] low noise temperature and theoretically unlimited intermediate frequency (IF) bandwidth, but the RF range is limited by the properties of the superconductor. HEB mixers also offer a low noise temperature, but at frequencies below 1.3 THz SIS mixers have better noise performance. Schottky-diode mixers have worse noise performance than SIS and HEB mixers but do not require to be cooled down to the liquid He temperature. The noise performance of these three types of mixers is compared in Fig. 6.3 .
Currently SIS mixers are the most sensitive heterodyne receivers in the frequency range 0.1-1.3 THz (see Fig. 6.3 ). Besides Josephson effects [8] , one can observe in an SIS junction very strong nonlinearity of its current-voltage curve, which allows this junction to be used in a heterodyne receiver with a conversion gain and quantum-limited noise temperature. Superconducting junctions are also used 2 An example of the performance of an active pulse imaging system receiving radiation reflected off the object [3] . By compensating the delay in the signal path it is possible to obtain images of various layers within the object. Top left: a photograph of the object (suitcase); bottom left: a terahertz image of the surface of the suitcase; top right: terahertz image of a plastic bag inside the suitcase; bottom right: terahertz image of the contents of the bag. One can clearly observe a knife and a gun inside the bag as sources of high frequency current. An example of such a source is a flux flow oscillator (FFO) [9, 10] .
Within the TELIS (TErahertz Limb Sounder) project, the research groups from the Institute of Radio Engineering and Electronics, the Russian Academy of Sciences (IREE), and the Space Research Organisation of the Netherlands (SRON) have built a superconducting integrated receiver (SIR)4 4 0.5 3 in size. The SIR carries an SIS mixer coupled with a planar quasioptical antenna and an FFObased local oscillator (LO), and a harmonic mixer used to phase-lock the LO. The harmonic mixer technology is the same as that of the SIS mixer. A schematic of the SIR is presented in Fig. 6 .4, and a photograph of the SIR chip is shown in Fig. 6 .5. The SIR developed for TELIS [11, 12] has demonstrated successful performance under severe temperature, pressure and altitude conditions, and allowed collecting a lot of valuable information about the Earth's atmosphere. Despite the fact that the noise performance of SIRs is slightly worse compared to single SIS mixers, they become more and more attractive as candidates for compact spectrometers and imaging systems. Thus, one can put forward the requirements that a security system must meet in order to be economically efficient:
• capability of obtaining an image of an object which is up to 10 m away from the system; • the system must be passive (this requirement is important in systems where the observer must not be seen and that monitor people, in which case the use of an active system is potentially harmful); • capability of "seeing" objects hidden under clothing and in the luggage; • capability of determining the material of the object;
• relatively low price of the ready-to-use system.
600 GHz SIR-Based Security System
The passive heterodyne thermal imaging system that we offer is currently unique. It potentially can be used for security purposes to detect plastic or metal weapon and explosives hidden under clothing, to check the post for illegal drugs, or in medicine to diagnose cancer at an early stage. The system has certain other advantages that makes it potentially the system of choice on the market of terahertz technology. The heart of the system is the SIR developed at IREE RAS. A series of tests of the SIR receiver performance was performed, and a model of an SIR-based imaging system was built without the phase-lock loop (PLL).
Receiver Performance
When an imaging system is used to obtain pictures of objects with temperatures of about 300 K, it may so happen that the system noise temperature will either be comparable with or less than the object temperature. In this case the system sensitivity is determined chiefly by the object temperature, and in the limiting case of a low-noise receiver the temperature resolution of the system is given by [13] :
In order to obtain the lowest possible temperature resolution we used a receiver with a large IF bandwidth, and also employed a PLL. The measurements were performed with the SIR T4m-093#6m offering a noise temperature of about 90 K at an LO frequency of 507 GHz. The main characteristics of this receiver are presented in Fig. 6.6 .
We determined the temperature resolution of the receiver by measuring the rms voltage of the lock-in amplifier. Figure 6 .7 shows time dependence of the lockin read-out expressed in temperature units. As the magnitude of the input signal was lowered the temperature resolution improved. For the receiver T4m-093#6m looking at a temperature difference of about 173.5 K the temperature resolution was found to be 140˙15 mK; when the temperature difference was decreased to about 2.95 K, the temperature resolution reached 10˙1 mK. The error is determined by the integration time and is proportional to (£/T) 0.5 , where £ is the time constant of the lock-in amplifier and T is the integration time.
Besides temperature resolution, another important parameter of a receiver operating as an imaging system is its temporal stability. In a system with a mechanical scanner, the time required to make one scan (frame time) can be a few seconds. This means that the time during which the system is considered stable (see below) must be much longer than the frame time, otherwise the temperature resolution of the system will be rather poor and the resulting image blurred.
To characterise the receiver stability one plots the so-called Allan variance as a function of the integration time [14] . The plot typically consists of three regions: the variance first decreases with time, then reaches a plateau, and finally increases as one makes the integration time longer. The Allan time is the integration time at which the Allan variance plot starts to depart from the ¢ 2 1/£ dependence. In order to increase the Allan time one usually tries to achieve better temperature stability of amplifiers and bias sources. Alternatively, one can decrease the receiver input bandwidth [11] .
The method of thermal stabilisation is rather challenging, expensive, and highly undesirable for mass production of receivers. The alternative method leads to degradation of the receiver sensitivity. That is why one has to look for different methods to improve the receiver stability. This is discussed below.
Various instabilities inherent in a receiver may manifest themselves either as fluctuations of the overall conversion gain, including the gain of the IF chain, or as fluctuations of the receiver noise temperature. As experience of working with HEB receivers of SIRs shows, gain fluctuations have a more dramatic effect on the system stability. That is why, as the first approximation, the receiver output is determined by the object brightness temperature and the instantaneous gain:
where k B is the Boltzmann constant; B H is operating frequency range; G is the total receiver IF gain, including the mixer conversion loss; T R is the receiver noise temperature; T S is the object brightness temperature.
To correct for gain fluctuations we used a wobbling mirror that could be switched between two positions: in one position the receiver was looking towards the reference load (77 K), in the other it was looking towards the signal load (300 K). The switching time was 1.8 ms [15] . The IF output was fed to the data acquisition system which also controlled the mirror and recorded its position. The data acquisition system computed the magnitude of the detected signals coming from the reference and source loads and adjusted them with the use of the expression: 
Model of the Imaging System
The imaging system consists of two main parts: SIR and front-end.
The SIR chip is glued onto a Si elliptic lens with an anti-reflection coating. The lens is installed into the mixer block mounted onto the cold plate of the He cryostat and enclosed with a cryomagnetic shield.
A photograph of the model of the terahertz imaging system is shown in Fig. 6 .9. The front-end comprises a primary spherical dish 0.3 m in diameter with a secondary mirror 40 mm in diameter, and a mechanical scanner in front of the primary.
The scanner consists of two flat mirrors wobbling in mutually perpendicular directions. One is responsible for frame scans, the other for column scan. The sizes of the mirrors are 0.405 0.275 m 2 and 0.28 0.38 m 2 , respectively. All the mirrors were made from a bulk piece of aluminium with the use of a milling machine. The mirrors are positioned with step motors. The scanning system allows performing observation of a relatively large spatial area. This however is possible at the expense of spatial resolution owing to decrease of the effective aperture. We Fig. 6.9 A photograph of the model of the terahertz imaging system. 1 He cryostat with an SIR, 2 bias source of the SIR, 3 primary mirror, 4 mechanical scanner achieved the following performance of system: time required to capture an image is 10 s, scanning area is 0.5 0.5 m 2 , distance from the system to the object is 3 m, spatial resolution is better than 10 mm.
Some of the images taken with the model imaging system are presented in Fig. 6 .10. The objects hidden under clothing were: a piece of chipboard 1 cm thick and measuring 10 3 cm 2 (top), and a packet of cigarettes in a breast pocket (bottom). The temperature resolution was less than 2 K.
Summary and Outlook
We have built a laboratory model of the terahertz imaging system with characteristics that will allow it to be developed into a commercial instrument for security applications. In order to develop such an instrument it is necessary to improve the scanner so that the frame time will be 1 s at most. This can be accomplished by replacing the step motors with more powerful AC servo motors, and by optimising the shape of the mirrors to reduce their moments of inertia. Replacing the He cryostat with a closed-cycle refrigerator will increase the system operation time by several orders of magnitude. Besides, it is necessary to improve the optics of the front-end of the system by adding elements that will allow switching between the object and the reference load. This will considerably improve the temperature resolution and stability of the system.
The passive heterodyne security imaging system has certain advantages over analogous active heterodyne and direct-detection systems, which will make it more attractive to the potential user. This research is partly supported by the Ministry of Education and Science of the Russian Federation, contract # 14.B25.31.0007.
